INTRODUCTION
============

Clustered regularly interspaced short palindromic repeats (CRISPR)--associated protein 9 (Cas9) technology, which depends on an engineered single guide RNA (sgRNA) for site recognition to correct gene mutations via nonhomologous end joining or homology-directed repair, provides a flexible platform to revolutionize the treatment of diseases ([@R1]--[@R3]). Nevertheless, the CRISPR-Cas9 system suffers from a formidable problem owing to the simultaneous delivery of two macromolecules: Cas9 (ca. 160 kDa) and sgRNA (more than 100 base pairs) ([@R4]--[@R6]). Although it has been successfully used as a vehicle to deliver the CRISPR-Cas9 system, viral delivery, including adeno-associated virus, lentivirus, and adenovirus ([@R7]--[@R10]), still falters, since viral vectors may lead to carcinogenesis, insertional mutagenesis, and immunogenicity ([@R11]). To address this issue, researchers recently have shown tremendous enthusiasm for the march toward the exploration of nonviral vectors ([@R4]). To date, various vehicles, including gold nanoparticles ([@R12]), black phosphorus ([@R13]), metal-organic frameworks ([@R14]), graphene oxide ([@R15]), polymeric nanoparticles ([@R16], [@R17]), and other nanomaterials ([@R18], [@R19]), have been achieved availably to deliver CRISPR-Cas9 in vitro or in vivo. However, on-demand release of CRISPR-Cas9 for the precise remote temporal and spatial control over genome editing remains elusive.

Over decades, on-demand gene/protein/drug delivery based on stimuli-responsive nanomaterial design has been extensively exploited in nanomedicine ([@R20], [@R21]). Among the multifarious control strategies, photo regulation has proved to be an ideal noninvasive option by which release of bioactive molecules can be readily monitored with high spatiotemporal precision, without introducing chemical contaminants ([@R22]). Until now, several photoresponsive molecules have been developed, such as azobenzene derivatives ([@R23]), spiropyran derivatives ([@R24]), and a group of photosensitive molecules containing *o*-nitrobenzyl moieties ([@R25]). These molecules can readily undergo photoisomerization or the ester bond cleavage when exposed to ultraviolet (UV) light. Howbeit, UV light demonstrates limited penetration depth in vivo because of substantial absorption by skin and underlying soft tissues. Furthermore, it would damage tissues and may even lead to oncogenic scars under prolonged exposure ([@R26]). Research on optical window in biological applications shows that tissues seem to be most transparent to near-infrared (NIR) range (700 to 1000 nm), which can deeply penetrate the body (even up to 3.2 cm) ([@R27]--[@R29]). Thereby, the excavation of NIR light--triggered systems will be a potential and desirable strategy in biological applications.

As emerging nanotransducers, lanthanide-doped upconversion nanoparticles (UCNPs) have been developed for the conversion of low-energy NIR radiation (800 or 980 nm) to high-energy UV or visible light, which offers an appealing avenue to remotely manipulate biomolecules and control biological processes ([@R30], [@R31]). Notable applications include biosensor in cells or tissues ([@R32], [@R33]), dynamic cell regulation ([@R34], [@R35]), and flexible therapeutic platforms ([@R36], [@R37]). Inspired by these achievements, we designed a UCNP-based CRISPR-Cas9 delivery system for cancer therapy in this work. As illustrated in [Fig. 1](#F1){ref-type="fig"}, CRISPR-Cas9 was covalently anchored on UCNPs by photocleavable 4-(hydroxymethyl)-3-nitrobenzoic acid (ONA) molecules (denoted as UCNPs-Cas9) and then coated with polyethylenimine (PEI) to assist endosomal escape ([@R18]) (denoted as UCNPs-Cas9\@PEI). By preparing an sgRNA that targeted a cancer therapeutic gene, *polo-like kinase 1* (*PLK-1*), we experimentally realized the inhibition of tumor progression both in vitro and in vivo through the NIR-controllable release of CRISPR-Cas9.

![Design of the UCNP-based CRISPR-Cas9 delivery system for NIR light--controlled gene editing.\
(**A**) Preparation of UCNPs-Cas9\@PEI. (**B**) NIR-triggered delivery of Cas9-sgRNA to the nucleus of the cell for gene editing: (I) attachment to the cell membrane, (II) endocytosis, (III) endosome escape, (IV) release from particles and step into the nucleus, and (V) search for the target DNA locus and initiate the DNA double-strand break for genome editing.](aav7199-F1){#F1}

RESULTS
=======

Design of NIR-controlled release vehicle for delivery of Cas9-sgRNA
-------------------------------------------------------------------

As shown in the transmission electron microscopy (TEM) image ([Fig. 2A](#F2){ref-type="fig"}), the oleate-capped UCNPs, which were synthesized according to the previous protocols ([@R32], [@R37]), appeared considerably monodispersed with hexagon-shaped plates. The d-spacing value of the UCNPs coincided with a single hexagonal-phase crystal of 0.52 nm (fig. S2). To improve water solubility and biocompatibility, we coated 6-nm-thick silica shells on the surface of UCNPs, as shown in [Fig. 2B](#F2){ref-type="fig"} (UCNPs\@SiO~2~; fig. S3, A and B). Compared with that of UCNPs, the fluorescence intensity of UCNPs\@SiO~2~ merely decreased (fig. S3C). Then, upon treatment with a carboxylation reagent, the carboxylic-functionalized nanoparticles (UCNPs\@SiO~2~-COOH) were obtained. These surface modification processes can be confirmed by ζ potential measurements ([Fig. 2E](#F2){ref-type="fig"}) and Fourier transform infrared (FTIR) spectrum (fig. S3D). When excited by a 980-nm laser beam, the UCNPs\@SiO~2~-COOH colloidal solutions displayed purple-blue photoluminescence (fig. S3C, inset). The emission fluorescence peaks, which were assigned to the ^1^I~6~ → ^3^F~4~ and ^1^D~2~ → ^3^H~6~ transition from Tm^3+^, overlapped with the UV absorption band of the ONA linker ([Fig. 2D](#F2){ref-type="fig"}), thus enabling Förster resonance energy transfer. A very recent report suggests that the blue light of UCNPs with a power density of \~0.063 mW/mm^2^ can be detected upon a 980-nm CW laser of 2.0 W, even located at \~4.2 mm below a mouse skull ([@R37]), which laid a solid foundation for the implementation of delivery in deep tissues.

![Characterization of the nonviral nanovehicles.\
TEM images of (**A**) oleate-stable UCNPs, (**B**) UCNPs\@SiO~2~, and (**C**) UCNPs-Cas9\@PEI and its EDX elemental mapping. Scale bars, 50 nm. (**D**) Fluorescence spectrum of the UCNPs activated by a 980-nm laser (black line) and UV-vis absorption spectrum of 4-(hydroxymethyl)-3-nitrobenzoic acid (ONA) (green line). a.u., arbitrary units. (**E**) The ζ potentials of Cas9 protein, Cas9/sgRNA, UCNPs\@SiO~2~, UCNPs\@SiO~2~-COOH, UCNPs\@SiO~2~-ONA, UCNPs-Cas9, and UCNPs-Cas9\@PEI (from left to right).](aav7199-F2){#F2}

To achieve remote NIR-controlled gene editing, we used UV-photocleavable ONA molecules to assemble the UCNP--CRISPR-Cas9 complexes. The ONA molecules were synthesized as reported previously ([@R38]) and modified on UCNPs\@SiO~2~-COOH via ester bond (UCNPs\@SiO~2~-ONA). The ^1^H NMR (nuclear magnetic resonance) (400 MHz) spectra showed that ONA was successfully obtained (fig. S3E), and the absorbance in the UV region after reaction with ONA (fig. S3F) indicated the successful attachment of ONA on the surface of UCNPs. Afterward, we covalently conjugated Cas9 proteins on UCNPs\@SiO~2~-ONA via carbodiimide cross-linker chemistry and incubated them with sgRNA to form the complexes (UCNPs-Cas9). To enhance endosomal escape, we applied PEI to coat the UCNPs-Cas9. To confirm the fabrication of UCNPs-Cas9\@PEI, we adopted TEM mapping, and the results showed that UCNPs-Cas9\@PEI contains lanthanide ion dopants (Tm, Y, and Yb), Si, and P ([Fig. 2C](#F2){ref-type="fig"}), which originated in UCNPs, SiO~2~, and the phosphate backbone in the CRISPR-Cas9 system, respectively. In addition, the ζ potentials at each step have also been measured for further determination, which revealed that positively charged Cas9 (+20.02 ± 0.18 mV) would become negatively charged after the addition of sgRNA (−22.22 ± 0.34 mV) and that the ζ potential from a negative value (UCNPs-Cas9, −21.80 ± 3.08 mV) to a positive value upon the addition of PEI (UCNPs-Cas9\@PEI, +14.96 ± 1.35 mV).

NIR light--controlled release of CRISPR-Cas9
--------------------------------------------

To examine the NIR response of our system, we exposed two groups of UCNPs\@SiO~2~-ONA solution to NIR and UV light, and then the absorption spectra of the supernatant after centrifugation were distinctly measured. As shown in fig. S4B, the UV absorption bands in 300 to 450 nm increased along with the UV irradiation time, attributed to the amount of ONA released from the nanoparticles ([@R34]). As expected, the spectral changes after NIR irradiation revealed a similar trend, indicating that the UCNPs have availably generated photons in the UV regions upon irradiation with NIR laser and, therefore, triggered the photocleavage reaction (fig. S4C). While the similarly sized SiO~2~-ONA was exposed to NIR laser, no observable absorption change in 300 to 450 nm was detected (fig. S4, D and E), thereby confirming the importance of UCNPs for the cleavage. To demonstrate that CRISPR-Cas9 could be efficiently released from UCNPs irradiated by NIR light, we also treated UCNPs-Cas9 with UV and NIR, as did previous experiments. Similarly, we acquired the data closely paralleling previous results ([Fig. 3A](#F3){ref-type="fig"} and fig. S4F). To further confirm that stimulating UCNPs could induce the release of cas9/sgRNA from the surface, we also labeled Cas9 in UCNPs-Cas9 with Cy3 for light-controlled releasing test (fig. S4, G and H). Red fluorescence was obtained after irradiation of NIR, which was consistent with our anticipation as well.

![NIR light--controlled release of Cas9 for gene editing.\
(**A**) UV-vis absorption (280 nm) of the supernatant of UCNPs-Cas9 with different irradiation times by a 980-nm laser. (**B**) Schematic illustration of internalization of Cas9 that enters the nuclei and triggered by NIR light for gene editing. (**C**) CLSM images of cells incubated with UCNPs-Cas9\@PEI for 6 hours with or without 980-nm irradiation (red, Cas9 labeled with Cy3; blue, nuclei stained with DAPI). Scale bar, 10 μm. (**D**) Fluorescence microscopy images of KB cells treated with different formulations (I, NIR only; II, UCNPs\@PEI + NIR; III, UCNPs-Cas9\@PEI without NIR; IV, UCNPs-Cas9\@PEI + NIR). Green, EGFP; blue, nuclei stained with DAPI. Scale bar, 100 μm. (**E**) Flow cytometry (FCM) analysis of EGFP disruption in cells treated with (I) NIR only, (II) UCNPs\@PEI + NIR, (III) UCNPs-Cas9\@PEI without NIR, and (IV) UCNPs-Cas9\@PEI + NIR. Bars represent mean ± SD (*n =* 5). The EGFP silencing efficiencies of UCNPs-Cas9\@PEI and UCNPs-Cas9\@PEI + NIR were 35.3 and 6.9%, respectively.](aav7199-F3){#F3}

We further investigated the ability of photoresponse for controlling the release of target molecules in A549 cells (a human lung adenocarcinoma cell line). Cas9 protein was also labeled with Cy3 to facilitate the observation ([Fig. 3B](#F3){ref-type="fig"}). UCNPs-Cas9\@PEI bound to the cell surface only within 2 hours of incubation, and then particles entered the cytosol and motivated the red fluorescence signal from Cas9 protein in the cell while the incubation time increased to 4 hours (fig. S5). Upon NIR irradiation, the colocalization of red fluorescence with 4′,6-diamidino-2-phenylindole (DAPI)--stained nuclei manifested that the particles were eventually localized to the nuclei at 6 hours ([Fig. 3C](#F3){ref-type="fig"} and fig. S5). In contrast, without the irradiation of NIR light, the red fluorescence signal can only be observed in the cytoplasm owing to the endocytic pathways of UCNPs-Cas9\@PEI and scarcely appeared in nuclei even after 12 hours ([Fig. 3C](#F3){ref-type="fig"} and fig. S5). Thereby, our nanocarriers have potential for NIR light--activated genome editing both in cells and in deep tissues.

NIR light--activated genome editing in vitro
--------------------------------------------

Before investigating its capability for genome editing, the biocompatibility of UCNPs-Cas9\@PEI as well as the biosafety of NIR laser (980 nm), especially the upconverted UV light emitted from UCNPs, should be carefully evaluated. A549 cells were cultured with different doses of UCNPs-Cas9\@PEI, and their viability was assessed with the Cell Counting Kit-8 (CCK-8) assay after 48 hours. As shown in fig. S6, cell viability was not susceptible to NIR, and scarce reduction in cell viability was observed when the cells were treated with UCNPs-Cas9\@PEI (\<50 μg/ml). Subsequently, we exposed cells incubated with UCNPs-Cas9\@PEI (50 μg/ml) at different NIR (2.0 W/cm^2^) exposure times to detect the toxicity of the UV light inspired from UCNPs. The results suggested no substantial attenuation in the cell viability of the treated A549 cells under the said conditions (fig. S6), which might be attributed to the converted UV light being partially absorbed by *o*-nitrobenzyl groups and the fact that the UV light produced by the UCNPs was localized radiation, which appeared weaker than the conventional whole-cell irradiation by direct UV light ([@R34], [@R39]). In addition, the absorption of the 980-nm laser by water would increase the temperature; hence, the short interval irradiation (30-s break after 30-s irradiation) was used in our experiment to solve the problem. To obtain a safe concentration of UCNPs for more cell lines, we determined the viability of KB (human oral epidermoid carcinoma) cells under the same conditions. Compared with A549 cells, few differences were observed in KB cells.

We then examined the ability of UCNPs-Cas9\@PEI for remote NIR-controlled genome editing. In this work, the sgRNA that targeted the coding region of the enhanced green fluorescent protein (EGFP) was chosen because the mutation frequency can match the EGFP expression in cells and shift to a readable green fluorescence signal. First, EGFP-transfected KB cells were cultured in pure medium (with NIR light irradiation), medium containing UCNPs-Cas9\@PEI (with or without NIR light irradiation), and free UCNPs (with NIR light irradiation), respectively. On day 3, the fluorescence intensities of the cell samples were determined by confocal laser scanning microscopy (CLSM). As preconceived, the CRISPR-Cas9 system would be effectively delivered into cultured cells, bypassed karyotheca, and accessed the cell nucleus for activation of genome editing if NIR light was applied, which was confirmed by the remarkable fluorescent quenching in cells treated with UCNPs-Cas9\@PEI upon NIR radiation ([Fig. 3D](#F3){ref-type="fig"} and fig. S7). For benchmarking, a slight decrease (or no decrease) in green fluorescence signal was detected in cells treated with other groups ([Fig. 3D](#F3){ref-type="fig"} and fig. S7). Flow cytometry (FCM) analysis of KB cells treated with different formulations (as previously carried out) brought about similar experimental results ([Fig. 3E](#F3){ref-type="fig"} and fig. S7), which further identified the NIR-controlled genome editing in vitro. In addition, the control group (CRISPR-Cas9\@PEI) was set here to figure out that it was the combination of UCNPs and PEI that led to the effective delivery.

In vitro study of NIR light--activated gene therapy
---------------------------------------------------

On the basis of the evidence of successful knock-outs of the *EGFP* gene, we next checked the inhibition of tumor proliferation through NIR-responsive release of CRISPR-Cas9 in cells ([Fig. 4A](#F4){ref-type="fig"}). As previously reported ([@R12], [@R40]), the *PLK-1* gene has been proven to be relevant to many different types of cancers, and depletion of the protein encoded by this gene can markedly inhibit cell proliferation and induce apoptosis. Hence, the *PLK-1* gene in A549 cells was chosen as the targeted gene in this experiment. A549 cells were treated with UCNPs-Cas9\@PEI and irradiated by 980-nm NIR light for 20 min (30-s break after 30-s irradiation) before further culturing. On day 3, the viability of cells was evaluated by the CCK-8 assay. As depicted in [Fig. 4D](#F4){ref-type="fig"}, UCNPs-Cas9\@PEI with NIR irradiation was much associated with cytotoxicity to A549 cells compared with other groups. CLSM images of the cells also revealed that cells after treatment with UCNPs-Cas9\@PEI upon NIR radiation (2.0 W/cm^2^) for 20 min showed the weakest green intensity of calcein-AM (stained live cells) and the highest red intensity of propidium iodide (PI)--stained cells (stained dead cells) among all experimental groups ([Fig. 4, E to I](#F4){ref-type="fig"}, and fig. S8), coinciding with the results of the CCK-8 assay. In addition, FCM also revealed similar results. To determine whether the apoptosis largely resulted from the suppressed expression of PLK-1 protein, we lysed cells to extract proteins for Western blot. As shown in [Fig. 4B](#F4){ref-type="fig"}, PLK-1 protein of the cells (UCNPs-Cas9 + NIR) was lower than that of the control group. We then quantified the frequency of mutations using the SURVEYOR assay. The assay revealed that the target gene in the cells (UCNPs-Cas9 + NIR) was successfully knocked out with a high mutation frequency ([Fig. 4C](#F4){ref-type="fig"}). By contrast, A549 cells incubated with UCNPs exposed to NIR light and A549 cells incubated with UCNPs-Cas9\@PEI without NIR light irradiation displayed mere mutation frequencies ([Fig. 4C](#F4){ref-type="fig"}), further suggesting the importance of NIR as a switch for this controllable gene therapy.

![NIR-mediated gene editing induced apoptosis of A549 cells.\
(**A**) Schematic illustration of the cancer cell killing triggered by NIR. (**B**) Western blot assay. (**C**) T7EI assay. (I) Pure media + NIR, (II) CRISPR-Cas9\@PEI + NIR, (III) UCNPs\@PEI + NIR, (IV) UCNPs-Cas9\@PEI without NIR, and (V) UCNPs-Cas9\@PEI + NIR. (**D**) CCK-8 analysis of A549 cells treated with pure media only, CRISPR-Cas9\@PEI + NIR, UCNPs\@PEI + NIR, UCNPs-Cas9\@PEI without NIR, and UCNPs-Cas9\@PEI + NIR (from left to right). CLMS images of cells treated by (**E**) pure media + NIR, (**F**) CRISPR-Cas9\@PEI + NIR, (**G**) UCNPs\@PEI + NIR, (**H**) UCNPs-Cas9\@PEI without NIR, and (**I**) UCNPs-Cas9\@PEI + NIR. Green, calcein-AM; red, PI. Scale bar, 200 μm. (**J**) Flow cytometry assay of cell apoptosis. The mean value was analyzed using *t* test (*n* = 5). \*\**P* \< 0.01 represents significant difference and \*\*\*\**P* \< 0.0001 represents highly significant difference.](aav7199-F4){#F4}

Therapeutic effect of NIR light-triggered Cas9 release in vivo
--------------------------------------------------------------

To test the efficacy of UCNPs-Cas9\@PEI in vivo, we first experimentally studied its biodistribution in xenograft nude mice model bearing A549 cells. As shown in fig. S9A, a high level of Y^3+^ was detected in the tumor tissues but a low level was found in other tissues after in situ injection. The biodistribution of UCNPs-Cas9\@PEI by intravenous injection was further evaluated, and the massive accumulation in liver and spleen indicated that UCNPs-Cas9\@PEI presumably triggered the clearance of the reticuloendothelial system ([@R41], [@R42]). We also studied the pharmacokinetics of our UCNPs via intravenous administration. The elimination half-life (*t*~½~ = 1.0177 hours) was similar to that in the previous report (*t*~½~ = 0.9489 hours) ([@R42]).

Next, the tumors in mice were treated with different formulations via intratumoral injection after growing to ca. 80 mm^3^ ([Fig. 5A](#F5){ref-type="fig"}). Derived from a previous in vitro study, mice were irradiated by NIR light (2.0 W/cm^2^) for 20 min every other day. After 20 days, the tumor sizes in both the control group \[phosphate-buffered saline (PBS), with NIR light irradiation\] and the UCNPs-Cas9\@PEI group without NIR light irradiation had sharply grown, indicating that these formulations held limited inhibition efficacy, whereas in the UCNPs-Cas9\@PEI group with NIR irradiation, the progression of tumors was gradually delayed over this period, with 74% of the tumor volume of the PBS control group on day 20 ([Fig. 5B](#F5){ref-type="fig"}). We also collected and weighed the tumors after euthanasia of mice ([Fig. 5, C and E](#F5){ref-type="fig"}), which further confirmed their controlled therapeutic effect in this work. Subsequently, histologic analysis of the tumor sections was performed. After staining with hematoxylin and eosin (H&E), the tumor tissues demonstrated a decreased cell density after administration of UCNPs-Cas9\@PEI + NIR ([Fig. 5F](#F5){ref-type="fig"}). The in situ TUNEL (terminal deoxynucleotidyl transferase--mediated deoxyuridine triphosphate nick end labeling) assays have indicated an apparent enhancement of massive cell apoptosis after treatment with UCNPs-Cas9\@PEI upon NIR radiation ([Fig. 5F](#F5){ref-type="fig"}). Conversely, a negligible tumor growth--suppressing effect in other groups was obtained. Moreover, caspase-3 labeling for apoptosis and KI67 antigen labeling for cell proliferation displayed significant differences after NIR radiation as well ([Fig. 5F](#F5){ref-type="fig"}), which verified the NIR light--controlled therapeutic effect.

![The drug administration in a xenograft model of A549 cells.\
(**A**) Schematic diagram of the working mechanism of remote-controlled oncotherapy in vivo. (**B**) Tumor sizes after different treatments, as indicated. (**C**) Weights of tumors treated by (I) PBS + NIR, (II) UCNPs\@PEI + NIR, (III) UCNPs\@PEI + Cas9 free + NIR, (IV) UCNPs-Cas9\@PEI, and (V) UCNPs-Cas9\@PEI + NIR (from left to right). (**D**) Changes in mouse body weight after different treatments, as indicated. (**E**) Images of tumor with PBS + NIR (top row), UCNPs-Cas9\@PEI without light (middle row), and UCNPs-Cas9\@PEI + NIR (bottom row). (**F**) H&E staining (scale bar, 200 μm), TUNEL (terminal deoxynucleotidyl transferase--mediated deoxyuridine triphosphate nick end labeling) staining (scale bar, 100 μm), KI67 antigen staining (scale bar, 100 μm), and caspase-3 staining (scale bar, 100 μm) of tumor tissues. The mean value was analyzed using *t* test (*n* = 5). \*\**P* \< 0.01 represents significant difference and \*\*\**P* \< 0.001 represents highly significant difference.](aav7199-F5){#F5}

To detect the potential toxic side effects of UCNPs-Cas9\@PEI--based NIR light--mediated gene treatment, we performed histology analysis of major organs from different groups of mice. Moreover, the results indicated no noticeable abnormality or appreciable organ damage (fig. S9). In addition, no lethality or significant drop in body weight for UCNPs-Cas9\@PEI was observed ([Fig. 5C](#F5){ref-type="fig"}). By analyzing urinary and intestinal excretion, we found that the excreted concentrations of lanthanide ion (Y^3+^) steadily decreased over time via both intravenous and intratumoral administration, which suggested that the UCNPs would be cleared possibly through both fecal and renal excretions (fig. S9). Overall, our approach can apparently control CRISPR-Cas9 release from the UCNPs-Cas9\@PEI by NIR light for gene therapy and also show safety as well as high potency.

DISCUSSION
==========

Despite immense efforts exerted on the CRISPR-Cas9, controllable delivery remains a challenge for effective achievement of gene editing both in vitro and in vivo. Our UCNPs-Cas9\@PEI platform can be effectively internalized by cells via endocytosis pathways, which is followed by endosomal escape and cytosolic releases of the loaded UCNPs-Cas9 in the cytoplasm. When exposed to NIR light, UCNPs can emit local UV light and trigger the cleavage of the photocaged linkers. Hence, Cas9 could be released from the surface of UCNPs and thereby proceed to the nucleus for gene editing. Besides, by targeting a marker of cancer gene (*PLK-1* gene), our platform has successfully inhibited cancer cell proliferation and tumor growth. Our strategies underline the remote-operated nature of the noninvasive NIR light governing CRISPR-Cas9 release, as well as the growing demand to develop more sophisticated nonviral delivery for gene editing. Collectively, anchored Cas9 protein via photo-dependent small molecules on UCNPs endows itself with targeted editing, which would intensively enhance the appeal of CRISPR-Cas9 technology and encourage the developed smart delivery in nanomedicine.

Nevertheless, owing to the lack of property of targeting tumors, a relatively small number of the nanovehicles were observed in the tumor tissues via intravenous administration (fig. S9A); thus, not enough Cas9 accumulated in tumor to trigger gene editing by NIR. Hence, the proof of concept is done in such a way that UCNPS-cas9\@PEI allows gene editing, but only after local administration to accessible tumors for which surgery may, however, be preferred. In addition, further research is needed to develop similar UCNPs that can target tumoral or metastatic nodules after systemic administration.

MATERIALS AND METHODS
=====================

Materials
---------

LnCl~3~⋅6H~2~O (Ln = Tm, Yb, and Y) was purchased from Energy Chemical Reagent Co. Ltd. (Shanghai, China). *N*-(trimethoxysilylpropyl)ethylenediaminetriacetate trisodium salt (TEDATS) was acquired from Gelest Inc. (America). Oletic acid, tetraethyl orthosilicate (TEOS), and (3-aminopropyl)trimethoxysilane were obtained from Sigma-Aldrich. PEI, dicyclohexylcarbodiimide (DCC), and 4-bromomethyl-3-nitrobenzoic acid (BNA) were purchased from Aladdin (Shanghai, China). PI and calcein-AM dye were acquired from Yeasen Biology (Shanghai, China). DAPI was purchased from Sangon Biotech (Shanghai) Co. Ltd. All aqueous solutions were prepared using ultrapure water (18.2 MU, Milli-Q; Millipore). The commercial antibodies used in this study at the indicated concentrations were purchased from Abcam. Cas9 proteins and the sgRNA transcription kit were obtained from Eastinno Biotechnology Co. Ltd. (Ningbo, China) and Inovogen Tech. Co. Ltd. (Beijing, China), respectively.

Measurements and characterizations
----------------------------------

The UV-visible spectra were acquired by a microplate photometer (Multiskan FC; Thermo Fisher Scientific Inc.). The morphology of nanoparticles was detected by TEM (JEM-200CX; JEOL Ltd.). ζ potentials of all samples were recorded by electrophoretic light scattering (Brookhaven Instruments Corporation, Holtsville, NY, USA). FTIR was performed using an FTIR spectrometer (NEXUS870; Nicolet). ^1^H NMR (400 MHz) spectra were carried out on a spectrometer (DRX500; Bruker) using dimethyl sulfoxide as the solvent. Upconversion fluorescence emission spectra were acquired on a fluorescence spectrometer (F-4600; Hitachi) equipped with an external adjustable 980-nm NIR laser (optical parametric oscillator, Continuum Surelite, USA) as the excitation source.

Synthesis of photosensitive molecule (ONA)
------------------------------------------

The ONA was synthesized according to a previous report ([@R34]). Briefly, 1.01 g (3.88 mmol) of BNA and 2.68 g (13.6 mmol) of Na~2~CO~3~ were dissolved in a mixture of H~2~O and acetone (1:1, 30 ml). After 5 hours of reflux, acetone was evaporated and diethyl ether was applied to extract the resulting produce twice. Afterward, the pH value of the obtained solution should be regulated below 1 by the addition of concentrated HCl for yellow precipitate, which then redissolved in ethyl acetate (20 ml). The aqueous phases were separated from the organic one and then extracted with ethyl acetate (2 × 20 ml). Subsequently, the organic phase was combined and washed with H~2~O (1 × 20 ml). Last, MgSO~4~ was used to remove water, and the resulting solution was evaporated to dryness under reduced pressure.

Preparation of UCNPs\@SiO~2~
----------------------------

UCNPs were prepared as reported previously with little modification ([@R32], [@R37]). Typically, 2 mmol of LnCl~3~ (Ln = Y, Yb, and Tm with a molar ratio of 78:20:2) was added to a 250-ml three-necked flask containing 15 ml of oleic acid and 35 ml of ODE (1-octadecene). After heating to 150°C for 45 min, the solution appeared light yellow transparent. The solution was slowly cooled down to 50°C while stirring; afterward, 25 ml of methanol containing NH~4~F (8 mmol) and NaOH (5 mmol) was pipetted into the solution. To remove waste gas, the mixture was heated to 100°C for 30 min. Then, the reaction temperature was increased to 290°C under N~2~ atmosphere. After 1.5 hours, the heating mantle was removed, and the reaction mixture started to cool down while stirring. When it reached room temperature, the mixture was washed by pouring 20 ml of ethanol solution three times (6000 rpm for 5 min) and collected in 20 ml of cyclohexane. Ethanol (4 ml) was added into 4 ml of the as-synthesized UCNPs; then, the solution was centrifuged at 14,000 rpm for 5 min. After this, the nanoparticles were redispersed into a mixture of 4 ml of HCl aqueous solution (2 M) and 4 ml of ethanol by sonication. To remove excess acid, we washed the acid-treated UCNPs three times with ethanol. The ligand-free UCNPs were thereafter dispersed into 4 ml of deionized water for further use as follows: To coat silica, we added 4 ml of the ligand-free UCNPs slowly into 18 ml of polyvinylpyrrolidone aqueous solution (50 mg/ml). Then, the solution was sonicated for 20 min and further stirred for 1 hour. After this, the solution was mixed with 80 ml of ethanol, followed by 20 min of ultrasonic treatment and 2 hours of stirring. Before additional 20 min of sonication, 3.2 ml of ammonium was added into the solution to adjust pH. Subsequently, 80 μl of TEOS was added to initiate the growth of silica on the surface of UCNPs. The reaction solution was stirred continuously for 12 hours at room temperature.

Design of UCNPs-Cas9\@PEI
-------------------------

The obtained UCNPs\@SiO~2~ (100 mg) was treated with 20 μl of TEDATS for 4.5 hours to acquire the carboxylic group first (UCNPs\@SiO~2~-COOH). Then, the nanoparticles were transferred into 10 ml of dry tetrahydrofuran, including 100 μg of ONA for esterification catalyzed by DCC and 4-dimethylaminopyridine. After 12 hours, the nanoparticles were washed three times with tetrahydrofuran and then resolved in tetrahydrofuran with 200 μg of DCC to further incubate for activation of the carboxyl group. After 8 hours, the particles were collected and transferred into PBS. At the same time, Cas9 protein and sgRNA (1:2) were mixed in PBS for 5 min to form the CRISPR-Cas9 system. Afterward, the CRISPR-Cas9 system was mixed with the particles overnight at 4°C. After centrifugation, PEI was coated onto the UCNPs-Cas9 at a PEI:sgRNA weight ratio of 5:1 and needed further equilibration at room temperature for 5 min. The nanovehicles were further diluted to the concentration of Cas9 (0.36 μg/ml) (before centrifugation) in the in vitro experiment. To visualize the internalization process of UCNPs-Cas9\@PEI by CLSM (LSM 710, Zeiss), the Cas9 was conjugated with Cy3-NHS.

Construction of sgRNA
---------------------

The sgRNA used in this study was prepared with the help of an sgRNA in vitro transcription kit purchased from Inovogen Tech. Co. Ltd. The necessary positive primers containing targeted genes were obtained from Sangon Biotech (Shanghai) Co. Ltd. (Shanghai, China) and are as follows: sgRNA (EGFP), 5′-TAATACGACTCACTATAGGG[GGGCGAGGAGCTGTTCACCG]{.ul}GTTTC AGAGCTATGCTGGA-3′; sgRNA (PLK-1), 5′-TAATACGACTCACTATAGGG[TACCTACGGCAAATTGTGCT]{.ul}GTTTCA GAGCTATGCTGGA-3′. The underlined parts represent targeted genes.

Development of the nanovehicle for NIR-responsive CRISPR-Cas9 delivery
----------------------------------------------------------------------

ONA was covalently attached to UCNPs\@SiO~2~-COOH via esterification to obtain UCNPs\@SiO~2~-ONA. After treatment with DCC, UCNPs\@SiO~2~-ONA and the CRISPR-Cas9 system were bound together. To assist endosomal escape, PEI coated the above nanoparticles via electrostatic absorption (see the Supplementary Materials for details).

The CRISPR-Cas9 release stimulated by NIR light
-----------------------------------------------

The NIR-controlled release of the obtained UCNPs\@SiO~2~-ONA and UCNPs-Cas9 was investigated upon radiation by the 980-nm NIR laser (Changchun Laser Optoelectronics Tech Co. Ltd). The UV absorption spectra of those solutions were recorded by a microplate photometer (Multiskan FC; Thermo Fisher Scientific Inc.). For control, UV radiation was manipulated to study the controlled release of molecules.

Cell culture
------------

Human oral epidermoid carcinoma KB cells and the human lung cancer cell line A549 were obtained from the Institute of Chinese Academy of Medical Sciences (Shanghai, China). They were all cultured in Dulbecco's modified Eagle's medium (DMEM; Life Technologies) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin in an incubator where the temperature was set at 37°C with a 5% CO~2~ humidified atmosphere.

Evaluation of cell viability
----------------------------

Here, cell viability was quantitatively evaluated by (i) CCK-8, (ii) LIVE/DEAD Viability/Cytotoxicity Kit, and (iii) YF 488-annexin V and PI Apoptosis Kit (U.S. Everbright Inc., Suzhou, China). Briefly, cells were planted in a 96-well plate (5 × 10^3^ per well) and then cultured at 37°C and 5% CO~2~ in an incubator. After 24 hours, different treatments (including the incubation of UCNPs, UCNPs-Cas9\@PEI at different concentrations and laser irradiation times, Cas9\@PEI, etc.) were conducted and further cultured for an additional 72 hours. Then the cell viability can be obtained by three methods as follows: (i) CCK-8 solution (10 μl/100 μl medium) was added to each well. After incubation for another 1.5 hours, OD~450~ value (absorbance at 450 nm) with background subtraction at 650 nm was detected by a microplate photometer (Multiskan FC; Thermo Fisher Scientific Inc.). Cell viability (%) was obtained by calculating the ratio of OD~450--650~ of the cells under targeted conditions to those of untreated control cells. (ii) LIVE/DEAD Viability/Cytotoxicity Kit was used as a protocol, followed by analysis with a confocal laser microscope (CLSM 710; Carl Zeiss, Germany). (iii) Cells were planted in a 24-well plate treated as before. The YF 488--annexin V and PI Apoptosis Kit was applied as a protocol. The results were obtained by a flow cytometer (BD FACSVerse; BD Biosciences).

Imaging of cellular uptake of UCNPs-Cas9\@PEI
---------------------------------------------

A549 cells were planted into 96-well plates (5 × 10^3^ cells per well) in DMEM (containing 10% FBS and 1% penicillin-streptomycin). After 24 hours, medium was replaced with that including target particles, in which the protein concentration was fixed at 0.5 μg per well. Nuclei were stained with 1.0 mg/l of DAPI. In addition, all the CRISPR-Cas9 proteins applied in this experiment were labeled with Cy3. After 4 hours of incubation, a 980-nm pulsed laser with a power density of 2.0 W/cm^2^ was triggered for 20 min (30-s break after 30-s irradiation). The process of cellular uptake at different times was observed with a confocal laser microscope (CLSM 710; Carl Zeiss, Germany).

*EGFP* gene disruption assay
----------------------------

The *EGFP* gene disruption by virtue of NIR-released Cas9 was assayed using FCM. The KB cells with the *EGFP* gene integrated into the genome were implanted into six-well plates (1 × 10^5^ cells per well) and cultured for another 24 hours before they were used. After incubation with different formulations for 6 hours, fresh media were adopted to replace the medium before and the cells were continued to culture for 72 hours. The cells were digested, collected by incubation, and immediately detected with FCM (LSR Fortessa; BD Biosciences).

Western blot analysis
---------------------

After 3 days of treatment under different conditions (pure media and media including UCNP\@PEI + NIR, CRISPR-Cas9\@PEI + NIR, UCNPs-Cas9\@PEI, and UCNPs-Cas9\@PEI + NIR), cells in six-well plates (5 × 10^5^ cells per well, before treatment) were washed with PBS twice and lysed on ice for 15 min with gentle stirring. After centrifugation at 12,000 rpm, a BCA protein assay kit (Sangon Biotech Co. Ltd., Shanghai, China) was applied to measure the total protein concentration of the supernatant cell lysates. Then, equal amounts of total protein (50 μg) were analyzed on 8% SDS--polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride membrane. The samples were blocked with the QuickBlock Blocking Buffer (Beyotime, China) for 1 hour at room temperature. After that, the membranes were incubated with 1000× dilutions of anti--glyceraldehyde-3-phosphate dehydrogenase and anti--PLK-1 rabbit polyclonal antibody (Sangon Biotech Co. Ltd., Shanghai, China), respectively, overnight, and immersed with the conjugated secondary antibody (Sangon Biotech Co. Ltd., Shanghai, China) at room temperature for 1 hour. Last, the membranes were washed five times in Tris-Buffered Saline with 0.02% Tween 20 buffer (5 min each) and targeted proteins were visualized by W-TMB (Sangon Biotech Co. Ltd., Shanghai, China).

SURVEYOR assay to detect genomic modifications
----------------------------------------------

After being treated with different formulations, the genomic DNA of A549 cells was harvested on day 3 using Dzup Genomic DNA Isolation Reagent (Sangon Biotech Co. Ltd., Shanghai, China) according to the manufacturer's instructions. The sgRNA-targeted genomic locus was amplified with the High Fidelity PCR Master Mix (Sangon Biotech Co. Ltd., Shanghai, China) using the following primers: GGTGCTGCGAATGGTTGTGG and CAGCCTCCTCCAAATTCCAGC. To reduce nonspecific amplifications, the touchdown polymerase chain reaction (PCR) program \[(92°C for 15 s and 74°C for 60 s) for 5 cycles, (95°C for 15 s and 72°C for 60 s) for 5 cycles, (95°C for 15 s and 70°C for 60 s) for 5 cycles, (95°C for 15 s and 68°C for 60 s) for 25 cycles, and 68°C for 5 min\] was used. After purifying by gel extraction, indel formation efficiencies were detected according to the T7 Endonuclease I Kit (Viewsolid Biotech, Beijing, China). The digested DNA was analyzed using 2% agarose gel electrophoresis. Indel formation efficiencies were calculated by Image J.

Tumor xenografts
----------------

Animal procedures were performed according to the guidelines of the Institutional Animal Care and Use Committee of the Nanjing Drum Tower Hospital, the Affiliated Hospital of Nanjing University Medical School. Cultured cells were digested by incubation with trypsin-EDTA solution (Sangon Biotech Co. Ltd., Shanghai, China) and then harvested by centrifugation (1000 rpm for 5 min). After being resuspended in sterile PBS, cells (10^8^ cells per mouse) were subcutaneously implanted into about 18 g of female Balb/c nude mice for further use.

Detection of tumor suppression in vivo
--------------------------------------

Tumor-bearing mice (tumor size of ca. 80 mm^3^) were randomly divided into five groups of which each was treated with PBS + NIR, UCNPs-Cas9\@PEI, UCNPs-Cas9\@PEI + NIR, UCNPs-Cas9\@PEI (without NIR), and UCNPs-Cas9\@PEI + NIR (100 μl, 3.5 mg/ml, *n =* 5). The formulations above were adopted through intratumor injection every 3 days. The 980-nm pulsed laser (power density, 2.0 W/cm^2^) was applied as a vertical beam into the tumor sites aligned underneath for 25 min every time (30-s break after 30-s irradiation). The administration was monitored for up to 20 days, and during that time, the body weights and tumor volumes were recorded for further analysis, and then animals were euthanized on day 20. The tumor volumes were calculated as follows: volume = (length × width^2^)/2.

H&E and TUNEL staining
----------------------

For histology, major organs and tumors that stem from mice after different treatments were harvested. After fixing in 10% paraformaldehyde, the collected tumors and organs were embedded in paraffin, sectioned into about 4 μm, and lastly stained with H&E. Moreover, TUNEL Apoptosis Assay Kit (Beyotime Biotechnology) was applied to determine tumor cell apoptosis on tumor slices. The histology was performed at the Nanjing Drum Tower Hospital. The samples were observed using the Invitrogen EVOS FL Auto Cell Imaging System (Thermo Fisher Scientific).

Statistical analysis
--------------------

Data were presented as means ± SD. For the representativeness of the qualitative images shown, at least two experiments were carried out in duplicate. For differences between two groups, \*\**P* \< 0.01 was considered significant while \*\*\**P* \< 0.001 was considered highly significant.
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Fig. S1. Schematic for the synthesis of UCNPs-Cas9.

Fig. S2. The structure of UCNPs confirmed by HRTEM and SAED pattern.

Fig. S3. The surface modification process of UCNPs.

Fig. S4. Photocleavage reaction triggered by NIR light on the surface of UCNPs.

Fig. S5. Cellular internalization of UCNPs-Cas9\@PEI monitored by confocal microscopy.

Fig. S6. The viability of cells treated under different conditions.

Fig. S7. The assay of EGFP expression in cells.

Fig. S8. Cell viabilities observed by CLSM images.

Fig. S9. The biocompatibility analysis of UCNPs-Cas9\@PEI.
